Chlamydia trachomatis is a major cause of ocular and sexually transmitted diseases worldwide. While much of our knowledge about its genetic diversity comes from serotyping or ompA genotyping, no quantitative assessment of genetic diversity within serotypes has been performed. To accomplish this, 507 urogenital samples from a multicenter U.S. study were analyzed by phylogenetic and statistical modeling. No B, Da, or I serotypes were represented. Based on our analyses, all but one previous urogenital B serotype was identified as Ba. This, coupled with the lack of B serotypes in our population, suggests that B has specific tropism for ocular mucosa. We identified a Ba/D recombinant (putative crossover nucleotide 477; P < 0.0001) similar to a B/D mosaic we described previously from an African trachoma patient. Computational analyses of the Ba/D recombinant indicated that upstream changes were less important for tissue tropism than downstream incorporation of the D sequence. Since most serotypes had nonsynonymous/synonymous ratios of <1.0, the major outer membrane protein, encoded by ompA, has many functional constraints and is under purifying selection. Surprisingly, all serotype groups except for J had a unimodal population structure indicating rapid clonal expansion. Of the groups with a unimodal structure, E and Ia and, to a lesser extent, G and K were prevalent, had infrequent incorporation of mutations, and, compared to other groups, had a relatively greater degree of diversifying selection, consistent with a selective sweep of mutations within these groups. Collectively, these data suggest a diverse evolutionary strategy for different serogroups of the organism.
Chlamydia trachomatis is a major cause of ocular and sexually transmitted diseases worldwide. While much of our knowledge about its genetic diversity comes from serotyping or ompA genotyping, no quantitative assessment of genetic diversity within serotypes has been performed. To accomplish this, 507 urogenital samples from a multicenter U.S. study were analyzed by phylogenetic and statistical modeling. No B, Da, or I serotypes were represented. Based on our analyses, all but one previous urogenital B serotype was identified as Ba. This, coupled with the lack of B serotypes in our population, suggests that B has specific tropism for ocular mucosa. We identified a Ba/D recombinant (putative crossover nucleotide 477; P < 0.0001) similar to a B/D mosaic we described previously from an African trachoma patient. Computational analyses of the Ba/D recombinant indicated that upstream changes were less important for tissue tropism than downstream incorporation of the D sequence. Since most serotypes had nonsynonymous/synonymous ratios of <1.0, the major outer membrane protein, encoded by ompA, has many functional constraints and is under purifying selection. Surprisingly, all serotype groups except for J had a unimodal population structure indicating rapid clonal expansion. Of the groups with a unimodal structure, E and Ia and, to a lesser extent, G and K were prevalent, had infrequent incorporation of mutations, and, compared to other groups, had a relatively greater degree of diversifying selection, consistent with a selective sweep of mutations within these groups. Collectively, these data suggest a diverse evolutionary strategy for different serogroups of the organism.
Chlamydia trachomatis is the leading cause of bacterial sexually transmitted diseases (STDs) in the developed world, producing lower and upper genital tract infections ( LGTIs and UGTIs, respectively) in males and females, including nongonococcal urethritis, epididymitis and proctitis in males; endocervicitis and pelvic inflammatory disease (PID) in females; and proctitis and reactive arthritis in both. PID and its sequelaechronic pelvic pain, ectopic pregnancy, and infertility-account for approximately 80% of the estimated $2.5 billion annual cost of these infections in the United States (9, 23) .
The major outer membrane protein (MOMP) of C. trachomatis has been a major focus of research, as it contains serological variant (serotype)-, subspecies-, and species-specific epitopes (2); has important neutralizing determinants (42) ; elicits T-cell help for antibody production (1, 51) ; and may play a role in the attachment and invasion of host cells and in tissue tropism (36) . Not surprisingly, MOMP has been the focus of epidemiologic studies of the organism and has been the primary candidate for a chlamydial vaccine. Yet, little is known about the genetic variation of ompA, the gene that encodes MOMP, or the diversity and evolution of MOMP epitopes among STD populations in the United States and around the world.
Strain typing of C. trachomatis is based on monoclonal antibodies that recognize MOMP epitopes. Over 18 serotypes of the organism have been identified (17, 54) . Serotypes A, B, Ba, and C are the primary cause of trachoma, a chronic ocular disease found predominantly in developing countries of the world. Serotypes D, Da, E, F, G, H, I, Ia, J, Ja, and K cause
LGTIs and UGTIs (12) . The lymphogranuloma venereum (LGV) serotypes, which include L1, L2, L2a, and L3, also cause STDs, but these infections tend to be associated with more severe invasive disease, such as suppurative proctitis and lymphadenitis (10) .
While serotyping has been useful in epidemiologic studies by revealing, for example, an association of specific serotypes with proctitis in homosexual males (4, 7) and same-serotype recurrent infections with concurrent gonorrhea (5), ompA genotyping has provided additional epidemiologic insights. ompA comprises four variable segments (VSs) and five constant segments (CSs). ompA polymorphisms have been identified in both VSs and CSs among 39 to 66% of trachoma (11, 15, 24, 25) and STD (3, 8, 14, 31, 37, 41, 53, 56) strains worldwide. Based on these polymorphic differences, isolates of the same serotype have been differentiated as ompA variants of the parent serotype (11, 13, 33, 54) , trachoma isolates have been distinguished from those that cause STDs (21) , and phylogenetic relationships among different serotypes have been inferred (50) .
With the advent of genomics and the explosion of bioinformatics tools available to analyze sequence data, novel insights into the population genetics of human pathogens and advances in infectious disease epidemiology have been made. For example, allelic variants of group A Streptococcus producing pyogenic exotoxin A have been linked with toxic shock syndrome (38, 43, 46) . Resistance to penicillin has been ascribed to horizontal gene transfer between Neisseria species (48) . Moreover, an overabundance of nonsynonymous changes per site in the surface-exposed loops of the major porin of Neisseria suggests that this protein is under diversifying selection (47) .
For Chlamydia, our previous statistical analyses revealed recombination within ompA, including one instance of horizontal gene transfer between Chlamydia species (36). We found a high level of recombination relative to substitution processes in an area that contains T-cell epitopes which are important for eliciting protective immunity (28, 49) . Consequently, the genetic variation of ompA reflects the cumulative effects of immune selection pressures, functional constraints, and other adaptive pressures that contribute to the ability of the organism to evade immune surveillance. The possibility of recombination in this immunogenic region strengthens the need for a quantitative assessment of these pressures and constraints as they vary by serotype. While previous studies have described ompA point mutations and recombination events, adequate assessment of ompA genetic variability and stability of MOMP, and thus the above factors, has been limited by small sample sizes, restricted geographic sampling regions, and the use of partial sequences that do not include all VSs (8, 21, 24-26, 37, 53, 56) .
Thus, to investigate the population genetics and evolution of this organism, we conducted a population-based study utilizing over 500 clinical C. trachomatis STD samples from a multicenter nationwide study of STDs and included all VSs of ompA in the analyses. The use of clinical samples obviated many potential problems with in vitro-adapted serotypes. Our analyses provide a more comprehensive understanding of the population genetics and evolution of C. trachomatis strains that can then be used for robust epidemiologic studies and vaccine development.
MATERIALS AND METHODS
Study population and specimen collection. The following study population participated in a large parent study designed by the Centers for Disease Control and Prevention: consenting men and women age 14 to 49 years who presented to family planning and STD clinics serving the Birmingham, Ala., Indianapolis, Ind., New Orleans, La., Seattle, Wash., and San Francisco, Calif., metropolitan areas and who met the inclusion criteria given below. The study was multicenter, primarily cross-sectional in design, and included enrollment into three components, designated A, B1, and C, from October 1995 to August 1997 (6, 29, 55) . Specimens were collected as previously described (6) .
Component A was designed to evaluate laboratory diagnostic methods for C. trachomatis. Consecutive patients seen at STD and family planning clinics were enrolled and consented unless they had taken antibiotics within the past 30 days, were pregnant, had a hysterectomy, were males with symptoms of urethritis, were females not receiving a pelvic examination, or refused participation. Component B1 was designed to evaluate risk factors for recurrent C. trachomatis infection. Women seen at family planning clinics, health center clinics, teen clinics, and STD clinics were consented and enrolled if they were under 34 years of age and had laboratory documentation of C. trachomatis infection. The resulting cohort had follow-up at 4 weeks and 6 months after the baseline visit. Component C was designed to determine prevalence and evaluate risk factors for C. trachomatis infection. Sentinel surveillance networks composed of adolescent, STD, family planning, and community health center clinics in the five metropolitan areas were established. Health care providers from individual sentinel clinics were selected from each group of clinics to universally enroll consenting women and men who provided medical histories and underwent routine lower and upper genital tract examination. In Birmingham, universal enrollment of consenting men and women was not done. At this site, enrollment was limited to 50 to 60 female patients sampled from the clinics 1 week per month.
Those participants enrolled in the parent study with C. trachomatis urethral (male) or cervical (female) infection documented by culture, commercial Amplicor PCR test (Amplicor test kit; Roche Diagnostics, Indianapolis, Ind.), and/or commercial ligase chain reaction (LCR) test (LCX; Abbott Diagnostics, Abbott Park, Ill.) were eligible for the present study. The diagnostic tests were performed according to standard culture techniques in the respective laboratory and according to manufacturer's instructions for the commercial assays, except that M4 transport medium was used. Of those patients who were eligible, approximately 50 men and 50 women from each study center were randomly selected for inclusion.
Determination of ompA genotypes. Over 1,000 clinical samples were received from the five study centers. Of these, 532 were randomly selected for ompA genotyping, where approximately equal numbers of specimens for males and females (except for Birmingham, where no males were enrolled in component C) and for each center were randomly selected. The specimens were from the cervix (female) or urethra (male) and were positive by culture, LCR, or Amplicor PCR. The samples were original, nonpropagated culture remnant samples and remnant, nonamplified LCR or Amplicor PCR samples. DNA extraction, purification, amplification, and automated sequencing were performed as previously described (13, 14) with technicians blinded to all clinical, demographic, geographic, and microbiologic data. Samples with ambiguous nucleotides were resequenced using newly purified DNA from the respective remnant sample. Mixed infections were identified and confirmed as described previously (16) .
Estimation of C. trachomatis serotypes and analysis of putative recombinants. The sequence was first manually aligned against all prototype serotype sequences (57) using the multiple alignment sequence editor (MASE, version 3.1; DanaFarber Cancer Institute, Harvard School of Public Health, [ftp.ebi.ac.uk/pub /software/unix/]). The similarity between the sequence and each prototype serotype sequence was computed as the number of like nucleotides divided by the total number of nucleotides under comparison. The serotype of the prototype sequence to which the sequence was most similar provided the serotype estimate. Statistical significance of putative recombinants and their breakpoints were assessed by Sawyer's runs test and the maximum chi-square test as previously described (36) .
Statistical analyses. Of the 532 samples that were ompA genotyped, 25 were excluded due to the presence of a mixed infection, leaving 507 sequences available for analysis. Differences in chlamydial serotype distribution by metropolitan area and by gender were determined by permutation analysis in the following manner (35): For each serotype, a 2 ϫ 5 contingency table compared the number of sequences of that serotype in each metropolitan area or gender, respectively, to the number of sequences not of that serotype. A Pearson's chi-square homogeneity statistic was computed for the observed data. The test statistic was recomputed after 10,000 random reassignments of serotype, keeping the frequencies in the population constant. The P value was the proportion of randomizations in which the test statistic exceeded that for the observed data. The Bonferroni method was used to adjust for multiple serotypes.
Since there is extensive evidence for recombination in the ompA gene, phylogenetic inference and estimates of genetic distance for urogenital strains in this study were based on simple Hamming distances (denoted by p) without the inclusion of multiple substitution models. Tree topologies for all strains in a serotype class were generated by the neighbor-joining method and MEGA (molecular evolutionary genetics analysis), version 2.1 (32) . The mean genetic distance within a serotype group was estimated as the average of all p distances between sequences of the same serotype for all possible sequence pairs obtained with MEGA, version 2.1 (32) . The standard error of the estimate was generated using the bootstrap procedure with 500 replicates, and 95% confidence intervals (CIs) were calculated in the usual fashion. The distribution of genetic distances within a serotype group was determined by plotting a histogram of these distances. For each serotype group, the mean proportion of synonymous nucleotide differences per synonymous site (p s ) and the mean proportion of nonsynonymous nucleotide differences per nonsynonymous site (p n ) were computed between same serotype strains for all possible sequence pairs. This was accomplished by the method of Nei and Gojobori (39) using MEGA, version 2.1 (32) . The standard error of the estimate and 95% CIs were determined similarly to the methods described above.
We compared the relative prevalence of shared mutations between strains of the same serotype group for different serotype groups. We postulated that a serotype group with high prevalence and infrequent incorporation of mutations within its strain pool might have undergone a selective sweep in which strains have exhibited rapid clonal expansion. To graphically depict these differences, we represented a mutation within a serotype group pool as a radial spoke on a wheel with spoke length inversely proportional to the frequency at which that mutation was present in the serotype group pool. The radial wheel, or starburst, represented the relative frequency of all mutations observed for that serotype group in this urogenital U.S. population. The location of the spoke within a 360°circle was determined by the nucleotide location of the mutation Ϫ 250 (nucleotide [nt] location of the beginning of the sequence)/810 (total base pair length of the sequence) multiplied by 360°. For example, serotype group Z has 100 sequences and a mutation at nt 250 is present in 50 of these sequences, such that the radial spoke length ϭ 1/50/100 ϭ 2 at 0°. A phylogenetic reconstruction was generated to establish tree topology between serotype groups based on Hamming distances between strains of dissimilar serotype groups for all possible sequence pairs using the neighbor-joining method and MEGA, version 2.1. Each starburst was superimposed onto the phylogenetic tree at the end of the branch that corresponded to the appropriate serotype group.
Nucleotide sequence accession number. The sequences of the ompA genes determined in this study have been submitted to GenBank (accession no. AY535080 through AY535172).
RESULTS
Of the 507 study participants, 228 were men and 279 were women. Of these, 94 were seen in the Birmingham metropolitan area, 106 in Indianapolis, 112 in New Orleans, 88 in San Francisco, and 107 in Seattle. When comparing ompA nucleotide sequence data generated from this population, there were 329 polymorphic sites out of the possible 810 bp that were sequenced, aligned, and analyzed. The 810 bp (nt 244 to 1053) included VS1 through VS4 in their entirety. In the alignment of the urogenital strains from this study, locations of the VSs defined by Yuan et al. (57) were as follows: VS1 from nt 256 to 324, VS2 from nt 490 to 567, VS3 from nt 757 to 798, and VS4 from nt 949 to 1053. Table S1 in the supplemental material describes each unique sequence in this population, including the serotype estimate for that sequence, changes with respect to its most similar prototype sequence, and the geographic region and gender for the strains represented by that sequence. The distribution of serotypes was similar to those in other studies. Serotypes D, E, F, and Ia were the most prevalent; G, J, and K were intermediate; and Ba, H, Ja, and a putative Ba/D recombinant were rare: Ba, 5 (1%) of 507; D, 71 (14%) of 507; Ba/D, 1 (0.2%) of 507; E, 150 (30%) of 507; F, 98 (19%) of 507; G, 21 (4%) of 507; H, 3 (1%) of 507; Ia, 73 (14%) of 507; J, 35 (7%) of 507; Ja, 24 (5%) of 507; and K, 26 (5%) of 507. Of note, there were no A, B, C, Da, or I serotypes. The putative Ba/D recombinant identified in this study had significant mosaicism (P Ͻ 0.0001) based on the Sawyer's runs test and the maximum chi-square test. The recombinant was markedly similar to serotype Ba before nt 477, the breakpoint predicted by the maximum chisquare test, and was markedly similar to serotype D after the breakpoint (see Fig S1 in the supplemental material) .
Serotype distribution by metropolitan area was not homogeneous (Table 1) . Permutation analysis was used to test whether a serotype was significantly associated with a metropolitan area. The rare serotypes were observed to a greater extent in San Francisco than in other metropolitan areas, with a significantly higher proportion of Ba sequences than in Birmingham, Indianapolis, and Seattle (P ϭ 0.02) and a significantly higher proportion of G sequences than in any other city (P ϭ 0.03) after adjustment for multiple comparisons. In contrast, there was no significant difference in the distribution of serotype by gender. Figure 1 shows the phylogenetic tree topologies based on Hamming distances for the urogenital strains in this study. (Fig. 1B) . In 1994, Ossewaarde et al. (40) also reported phylogenetically distinct G sequences that they designated as Ga subtypes. These Ga strains had T547A and T1003G changes compared to G/UW-57. None of our G sequences contained the T547A change; however, 6 (29%) of 21 G sequences contained the T1003G change (T1036G in our alignment), confirming that these changes are prevalent population differences not restricted to the European continent. For the C seroclass (A, C, H, I, Ia, J, and Ja), the J serotype sequences formed two main groups consistent with the J and Ja subtypes (Fig. 1C) .
As there is extensive evidence for recombination in the ompA gene (36), we used simple Hamming distances to compare genetic distance estimates within serotype groups. When comparing strains within a serotype group, serotypes E, Ba, H, Ia (0.001; 95% CI, 0.0006 to 0.002) and F (in descending order) were the most conserved, while serotypes J, G, D, and K (0.002; 95% CI, 0.0009 to 0.003) were the most divergent (Fig.  2) . Serovar J (0.008; 95% CI, 0.005 to 0.01) had a significantly higher mean genetic distance than all serovars other than G a Significant differences in serovar distribution by metropolitan area were deduced by permutation testing. San Francisco had a significantly higher proportion of Ba sequences than Birmingham, Indianapolis, and Seattle (P ϭ 0.02) and a significantly higher proportion of G sequences than any other city (P ϭ 0.03) after adjustment for multiple comparisons.
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(0.004; 95% CI, 0.002 to 0.006) and D (0.003; 95% CI, 0.001 to 0.006); serovar E (0.0004; 95% CI, 0.0002 to 0.0006) had a significantly lower mean genetic distance than all serovars other than Ba (0.0005; 95% CI, 0 to 0.002), F (0.002; 95% CI, 0.0005 to 0.003), and H (0.0009; 95% CI, 0 to 0.003); and serovar Ba had a significantly lower mean genetic distance than serovars G and J. Using the methods of Nei and Gojobori, serotype Ba had the highest mean proportion of nonsynonymous nucleotide differences per nonsynonymous site (p n ; Fig.  3 ) among serotypes, followed by J. These two serotypes also had the highest mean proportion of synonymous nucleotide differences per synonymous site (p s ; Fig. 3 ). Serotypes G, Ia, and K had p n /p s ratios greater than 1.0; all other serotypes had ratios less than 1.0 (Fig. 3) . The distribution of the pairwise distances within a serotype group was primarily unimodal ( Fig. 4C ; shown for serotype E). Only serotype J had a bimodal population structure, with two prevalent sequence groups representing the J and Ja subtypes roughly 98.5% similar (Fig. 4B) . Serotype D had a unimodal population structure with a substantial shoulder (Fig. 4A) ; 47 sequences had two mutations, one at nt 246 (T3C) and the other at nt 249 (G3C), compared to the prototype D/B-120 sequence; 24 sequences did not have these two mutations. Sequences with these two mutations would be 99.7% similar to the D/B120 sequence. Thus, the mutations at nt 246 and 249 probably represent the differences in these populations. It is possible that we might have detected a bimodal population structure for serotype D if we had included additional sequence data upstream of where our sequences began in CS1. Other studies have reported six prevalent nucleotide changes in this region. However, even if serotype D has a bimodal structure, the two population groups are not likely to represent the D and Da subtypes, because none of the previously reported nucleotide changes in CS1 or the prevalent changes present in our data differentiate between the D and Da subtypes. Figure 5 shows the degree to which ompA nucleotide changes have been incorporated into the C. trachomatis population for different serotypes. Larger and more uniform spoke lengths within the starburst represent both infrequent incorporation of mutations within the serotype group and a prevalent serotype group. Serotypes in which we observed nucleotide changes compared to the prototype that were at least 25% prevalent in the population (Ba, C246T, A249G, A532G, G607T, and T781G; D, C246T, A249G, A660T, and G1000A; F, G269; H, A272G and C865T; and J, T625C and G627C) had the least uniform radial spoke lengths, while those without prevalent changes had more uniform spoke lengths (E, Ia, G, and K). Because of their high prevalence and a low frequency of shared mutations, serotype groups E and Ia had both uniform spoke lengths and large-diameter circles.
DISCUSSION
Previous studies of chlamydial STDs have attempted to describe the genetic variability of ompA by inferring the phylogeny of their population with laboratory-maintained strains and published sequences (50) . However, these studies used small population sizes which do not reasonably approximate random ones, and the combined populations represent strains from vastly different time periods, since the laboratory-maintained strains were generally isolated decades before the other strains. Phylogenetic reconstructions of ompA should only be used to describe the short-term evolution of Chlamydia, since intra-and intergenic recombination have previously been documented for this gene (8, 19, 26, 36) and recombination over time disrupts the bifurcating tree-like phylogeny and clonal structure of the organism (27, 36) .
We assessed the genetic variability of ompA within the context of a large population-based study and analyzed the data using methods that were appropriate for recombination in the gene. Consequently, the data were analyzed without multiple substitution models so as to not introduce an inaccurate evolutionary model. Further, we presented tree topologies composed entirely of sequences from this study, which we used to The only serotype group to have a bimodal structure was serotype J, with the two main groups roughly 98.5% similar. (C) Unimodal structure was typical of most serotypes exemplified by serotype E.
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infer the short-term evolution of C. trachomatis. This was reasonable, as these strains were isolated over a 2-year period. The overall serotype distribution in our data was similar to other studies of genital C. trachomatis infections with minor differences (20, 44, 56) . In our study, there were no A, B, C, Da, or I serotypes represented. The lack of A and C serotypes is consistent with the universal and near universal absence, respectively, of these serotypes among urogenital infections (21, 34, 41) . Of the three urogenital studies that reported C serotypes, two used restriction fragment length polymorphisms (RFLP) to assign the serotype. In one study (41) , all strains typed as C by RFLP were found to be either F or G by sequencing, suggesting that RFLP is less reliable for strain typing.
While Ba serotypes have regularly been found at both uro- FIG. 5 . Phylogenetic reconstructions with a starburst superimposed at the end of the branch corresponding to the appropriate serotype group. Starbursts represent the relative frequency of shared mutations within a serotype group pool as described in Materials and Methods. The radial spoke length is inversely proportional to the frequency of mutations, so that longer spoke lengths correspond to less frequent incorporation of mutations among similar serotype group strains. The location of the radial spoke within a 360°circle was determined by the nucleotide location of the mutation as described in Materials and Methods. The starbursts were each magnified to ϫ250 in order to discern the radial spoke length and star-like quality of the radial wheel for each serotype group. genital and ocular sites, B serotypes have only been found twice in urogenital samples-B/Alpha-95 (18) and B/IU1226 (50) . When comparing these two urogenital B sequences to prototype sequences, B/Alpha-95 was most similar to B/TW-5, justifying its assignment as serotype B. However, B/IU1226 was most similar to Ba/Apache2, as were the four sequences in this study. Thus, we feel that B/IU1226 should be reassigned as a Ba isolate and believe that the occurrence of B sequences in urogenital infections is indeed a rare event.
The lack of Da strains in our population contradicts a 1995 study by Sayada et al. in which 9 (12%) of 73 urogenital strains were found to be Da by RFLP (45) . Based on sequence comparison, the D (D/B120) and Da (Da/TW-448) subtypes can be distinguished by 3 nt differences, one of which codes for an amino acid change in VS4 (G1036A for Da/TW-448 in our alignment). None of our D sequences had this amino acid change, and all of them were most similar to D/B120. In GenBank, three urogenital sequences have previously been assigned to Da: Da/IU-1554 (AF063209), Da/TW-488 (X62921), and Da/Ev-293 (X77365). However, based on our analyses, Da/IU-1554 and Da/TW-488 sequences were most similar to D/IC-Cal8 and Da/Ev-293 was most similar to D/B120. Only Da/Ev-293 had the G1036A nonsynonymous change noted above. These findings suggest that Da urogenital infections are also rare. However, the importance of Da as a urogenital subtype should be evaluated in additional studies that include other global regions where chlamydial STDs are prevalent.
Finally, there were no I sequences: only Ia sequences were represented. Recently, in other STD populations, serotype I has also been less frequently identified (52) . This may reflect an adaptive response of serotype I to host or antimicrobial pressure to evolve as an Ia. Alternatively, there might have been an evolutionary disadvantage ascribed to serotype I that has driven this process. Thus, these cumulative data suggest that occurrences of A, B, C, and Da serotypes in urogenital infections are, at best, rare events and that serotype I is being replaced by Ia.
The Ba/D mosaic identified in this study is similar to a B/D recombinant we previously isolated from a Tunisian trachoma patient in the 1970s (15) . While both strains had similar crossover points, three nonsynonymous mutations upstream of VS1 that were identical to those described for B from other trachoma populations (21) were present in the Tunisian recombinant while absent in the STD mosaic. Thus, recombination between Ba or B and D seems to confer an evolutionary advantage for both STD and trachoma populations. Interestingly, the Ba/D recombinant did not have two changes that were present in all the Ba sequences in our population (C246T and A249G at amino acids 60 and 61, respectively, in the Frost alignment) compared to B/TW-5, a trachoma strain. These changes were also specific for the urogenital specimens in the population described by Frost et al. (21) . Consequently, the Ba/D mosaic was substantially more similar to B/TW-5 than the other urogenital Ba sequences in this study, suggesting that changes upstream of nt 477 are less important for tissue specificity than the incorporation of the D sequence downstream of 477. Moreover, there is only one change between the urogenital Ba sequences in this study and B/TW-5 downstream of nt 477. This indicates that for serotype B, MOMP functional constraints are high in this region, and thus there is little opportunity for tissue-specific change.
We found significant differences in serotype distribution by geographic region. While the chlamydial reservoir for the majority of strains seems to be relatively homogeneous in the United States, the rare serotypes, Ba and G, were significantly overrepresented in San Francisco. Perhaps the abundance of Ba and G serotypes in San Francisco reflects the population dynamics of this international city, which is constantly undergoing turnover with a large immigrant population from Asia and a large homosexual/bisexual community. In contrast, there was no significant difference in serotype by gender, suggesting that specific serotypes do not preferentially infect one gender.
We have provided the first quantitative assessment of the genetic diversity within each serotype group for ompA. We found that serotypes E, Ba, H, Ia, and F (in descending order) were the most conserved, while J, G, D, and K were the most divergent. By comparing genetic variability, p n /p s substitution ratios, and the relative degrees of incorporation of substitutions in the population, the data suggest that C. trachomatis has had occasional selective sweeps of mutations through a serotype group or groups similar to those described for human immunodeficiency virus type 1 (HIV-1) (22) . HIV-1 is comprised of M, N, and O groups, and the majority of infections are caused by the M group, which is made up of subtypes A to J. The effective population size of subtypes A (heterosexually transmitted) and B (transmitted via needle sharing or male homosexual sex) based on both gag and env gene sequence alignments were recently analyzed and found to be surprisingly smaller than expected, similar to what we found for chlamydiae. The authors suggested that this could be explained by genetic drift or a selective sweep of mutations through the respective subtype populations.
For Chlamydia, we found a predominantly unimodal population structure for ompA (except for serotype J), consistent with a rapid expansion of strains with little time for propagation of mutations. Under this model, we expect C. trachomatis to have prevalent serotype groups with nucleotide and amino acid changes that are infrequently shared among strains within the same serotype. This can be seen for serotypes E and Ia and less so for G and K. The former serotypes are among the most prevalent and least variable and are without prevalent population changes. Moreover, there is laboratory evidence that serotype E outcompetes other strains for nutrients and growth factors; this is objective evidence for rapid expansion of this serotype group (30) . The high p n /p s ratios for serotypes Ia, G, and K, which also had rapid expansion, indicate that, compared to most other serotypes, they may be under a greater degree of diversifying selection even though, for the most part, ompA has many functional constraints and is under purifying selection. Rapid expansion of selected serotypes may in part explain the relative replacement of I with Ia and the overabundance of serotype G in San Francisco if rapid expansion of G has occurred with preference for geographical boundaries.
Serotypes Ba, D, F, H, and J appear to have had less rapid population growth exemplified by the presence of prevalent population changes and greater genetic variability overall. For these serotypes, mutations have had time to propagate throughout the population, and a lesser degree of expansion helps to explain the lower prevalence for Ba, H, and J. More- VOL. 186, 2004 POPULATION-BASED GENETIC ANALYSIS OF C. TRACHOMATISover, they appear to be under a greater degree of purifying selection than those with rapid expansion consistent with the lower observed p n /p s . For serotypes D and J, the prevalent population changes observed in this population agree with those previously reported, suggesting they have been present for at least a decade (17, 21) . We found that serotype J had a bimodal population structure, which likely represents the J and Ja subtypes with mutations that occurred before the two groups diverged. The prevalent population changes observed for serotype D are also present in our Ba sequences and have previously been ascribed to differentiate urogenital from trachoma B sequences (21) , although these changes were not universally found in our population and thus appear to be nonspecific. Since the same changes for serotype D and urogenital serotype Ba have propagated through many populations, the evolution of these serotypes appears to be linked, either by the early incorporation of a mutation occurring before their divergence or by recombination events between the two.
In summary, by taking a population-based approach to the genetic and evolutionary analysis of ompA for C. trachomatis urogenital infections in the United States, we were able to quantitatively and qualitatively assess the variation of this gene and determine how immune selection pressures, functional constraints, and other adaptive pressures vary among serotypes. Importantly, our analyses provide the first evidence that the evolution of the organism likely includes selective sweeps. This is encouraging for vaccine design in that mutations that occur during selective sweeps are unlikely to be shared, and immune protection against recent clinical strains will be similar to the response mounted against prototype strains. Finally, this research provides precise genetic strain differentiation that can be applied to analyses of phenotypic disease markers to determine if MOMP is a virulence factor for the organism.
